Abstract: This paper aims to study the effect of raschig ring packing patterns using Computational Fluid Dynamics (CFD). CFD module of particle tracing was established to measure particles diffusing through the packed bed. The support raschigs catalyst was modeled in three patterns within a tubular reactor -namely, vertical staggered, chessboard staggered and reciprocal staggered pattern. A case study of Dry Methane Reforming (DMR) was investigated at 600°C, 1 atm. The study of Mean Resident Time (MRT) and E(t) function were investigated to identify the packing pattern performance. The results showed that the minimum value of the E(t), which means the flow behavior, was close to ideal plug flow behavior. MRT can be used to systematically identify the deviation from the ideal plug flow reactor of the three different packing patterns.
Introduction
The mean residence time (MRT) in a packed bed reactor is a key parameter that explains how much time the fluid travels in a packed bed reactor, especially in complex systems. Understanding complex systems can help to prove the reactor performance. Several challenges focus on the mean residence time -i.e., in a chemical process. In the gas phase of catalytic processes, commercially packed beds are often used in an application that need to remove heat from highly exothermic reaction (e.g., catalytic combustion) or supply heat in case of endothermic reaction (e.g., the steam reforming). Therefore, the designing for "how fast fluid travels through the bed in MRT parameter" explained the back-mixed behaviors and local turbulent flows around the solid beds. In the case of the liquid phase, using the tracer technique was more comfortable to cast up the mixing effect inside the reactor. In-depth understanding of how the liquid phases behave under varying feed conditions was investigated. Several groups have studied the resident time in the fluid systems, such as a study on saponification reaction that was published by Adeniyi (2003) . The review provided a prediction of the number of ideal continuous stirred tank reactors (CSTR) that represented the non-ideal plug flow reactor (PFE) using the RTD data. From this analysis, the pulse tracer experiment carried out on a non-ideal plug flow reactor. They found that nine identically-sized ideal stirred tanks operating in series has an equivalent performance with the non-ideal plug flow reactor. The analysis of the output concentration with time provides the desired information about the system. For a microscale reactor, RTD was also studied by measuring the liquid phase conductivity at the outlet of the reactor. Channeling prevailed for mesh with the smaller open area. The standard axial dispersion exchange model (ADEM) was used for fitting the tracer curves with trailing ends. The RTD and the image analysis for all the mesh types showed hysteresis when the gas flow rate was maintained constant, and the liquid flow rate was gradually increased and then decreased [2] .
In case of gas phase tracer analysis, a difference injection method, such as tracer pulse and tracer step methods, can be used depending upon the reaction systems. A gas-phase diffusion tracer test method within the closed chamber filled with stainless steel diffuser was studied by Brusseau (2007) . Also, in the gas phase of a micro-structured falling film reactor was investigated to develop an appropriate flow model for mass transfer characteristics by Commenge (2006) using the RTD. Sulfur hexafluoride (SF6) tracer was used, and gas samples were collected from the injection point periodically after tracer injection into the soil matrix. Decreasing tracer concentration with time due to diffusion into the soil matrix was found and recorded. Additional experiments for considered gas-particle flow behavior was also studied in a cylindrical spouted bed. A three-dimensional spoutfluid bed of spherical particles was simulated using the Eulerian-Eulerian two-fluid modeling approach, combining a kinetic-frictional constitutive model for dense assemblies of the particulate solid. The results conclude that there is an excellent quantitative agreement between the simulated and experimental results [5] .
Nowadays, CFD has come to be useful tools to identify the resident time for non-ideal behaviors. Liu (2012) was determined various internal information inside reactors using CFD. Based on the transport of the first and second moments of the domestic age distribution. This model has developed a method to calculate the degree of mixing. Mechanical dispersion of tracer and liquid were also studied by Katja Lappalainen (2011) using Computational Fluid Dynamic (CFD) modeling. In the present article, the trickle-bed CFD model was used to simulate liquid dispersion in packed beds of raschig rings. The model has produced a peaked distribution function for both the liquid volume fraction and the vertical component of fluid velocity.
In the case of a packed bed reactor, the reacting fluid usually does not flow through the reactor uniformly. Reasonably, there may be sections in the packed bed that offer little resistance to stream. A significant portion of the fluid may channel through this pathway. The molecules following this pathway do not spend as much time in the reactor as those flowing through the regions of high resistance to flow [8] .
To solve the problem, computational approaches have come to be useful tools in investigating non-ideal behaviors of flow systems in term of RTD analysis. This work is focused on the effect of packing structures, which are compared results by using the particle tracking method. The output results present MRT and E(t) of each corresponding structured packing. A minimum value of the E(t) was explored that the packing pattern was close to ideal plug flow behavior.
Numerical methods
The computational technique (particle tracing) was used to investigate the MRT of fluid in a packed bed reactor. COMSOL MULTIPHYSICS 3.5 program was selected as a useful tool to explain the governing equations, simultaneously. The generated the Raschig ring geometry in packed bed reactor was shown in Figure  1 . The physical properties and appropriate boundary conditions were applied for dry methane reforming reaction condition. Three Raschig ring packing patterns were designed -namely vertical staggered, chessboard staggered, and reciprocal staggered, as shown in Vertical Staggered with 32 pellets, Chessboard Staggered and Reciprocal Staggered with 30 pellets were considered. CFD was modeled using the Navier-Stokes equations and nonlinear continuity momentum. Gases inlet were specified as normal velocity, and the outflow boundary condition was an imposed pressure expression. A no slip-boundary condition, with no velocity components at a boundary, was applied to the reactor wall. The void volumes (V) of each structured packing configuration were 3.39E-05 m 3 , 3.39E-05 m 3 and 3.62E-05 m 3 , respectively. For all packing patterns, reactant feed rates ( v&) were also investigated in the range of 985 -2,957 ml/min. The constructed geometries are depicted in Table 1 . As the reactor volume and feed rate have been specified; therefore, MRTs (τ) can be obtained from the design equation of an ideal plug flow reactor, assuming no volume change due to the reaction. 
Mean Residence Time (MRT)
A predictable technique to approximation the MRT in a chemical reactor is to consider the RTD from tracer experiments. Typically, the quantity E(t) is obtained as a function of the residence-time distribution (RTD). It is the function that quantitatively describes how much time different fluid elements have spent in the reactor. The exit concentration of a tracer species C(t) can be used to define E(t) as illustrated in Figure 3 and Equations (3) -(5).
Such that:
The MRT or t of the reactor can be calculated from integral forms as in Eq. (5). 
Particle tracing technique.
The RTD is determined simulatively by inserting the tracer particle, into the reactor at time t = 0 and then measuring the number of tracer particle ( i N ) in the effluent stream as a function of time [9, 12] .
E(t) term can be formulated from the MRT obtained by a particle tracing method ( t ) and an ideal plug flow correlation (τ), as shown in Equation (7) . The values of E(t) for each structured packing and various gaseous flow rates were calculated and used for discussion on behaviors of unusually structured packing in the next section.
( )
At each time step, the falling particle is demanded from the pattern packed in packed bed reactor at the existing particle position. The particle position is then updated, and the process repeats until the detailed end time for the simulation is reached. In this study, a mass-less fluid particle in the flow is followed using a Lagrangian particle tracking method to quantify the mixing quality. This approach avoids the introduction of numerical diffusion, which results if a scalar is tracked and which confuses the mixing behavior. The movement of the particle tracers in the flow is determined by integration of the vector equation of motion for each particle [10] . The default is to specify an initial expression for each component of the velocity, v. In the case of the Newtonian and Lagrangian formulations, the following condition is applied:
In this case, every particle gets the same initial velocity.
Where v is a user-defined velocity (m/s) and q is a volume flow rate (m 3 /s). When the Newtonian, Lagrangian, or Massless formulations are used, there are degrees of freedom for the particle position only.
For post-processing mode, obtaining the MRT is given by collection the numbers of a particle in different time. The simulation results are shown in Figure 4 . The example of vertical staggered pattern which input particle into the top of catalytic packed, then the MRT in the packed bed reactor ( t ) can be calculated by To obtain the information concerning how far that a real packed bed reactor behaves differently from an ideal plug flow one, the E(t) term can be formulated from the MRT obtained by a particle tracing technique ( t ) and an ideal plug flow correlation (τ) as shown in Equation (7). The values of E(t) for each structured packing and various gaseous flow rates were calculated and used for discussion on behaviors of particularly structured packing in the next section.
Results and Discussions

Effect of Packing Pattern on the Mean Residence Time.
The effects of packing pattern on the MRT, which calculated from the particle tracing method and calculated from the ideal plug flow basis, are shown in Figure 5 . For the Vertical-Staggered Pattern, the MRTs obtained from the Particle tracing method -i.e., 4.0 -6.6 sec were higher than that obtained from the plug flow calculation -i.e., 0.6-2.0 sec at all flow rates 985-2,957 ml/min, respectively. Figure 5 . The collecting data of particle number For the "chessboard staggered" shown in Fig.6 , the MRTs obtained from the particle tracing method (i.e., 2.2 -3.2) sec was also higher than that obtained from the plug flow calculation -i.e., 0.6-2.0 sec at all flow rate 985-2,957 ml/min, respectively.
Flow Direction
For the last packing pattern, the reciprocal-staggered shown in Figure 6 ," the MRTs obtained from the particle tracing method (i.e., 1.4 -3.6 sec was still higher than that obtained from the plug flow calculation (i.e., 0.7-2.2 sec at all flow rate 985-2,957 ml/min, respectively).
For comparison, the packed pattern within the switch of vertical and horizontal direction as shown in Chessboard-Staggered Pattern and Reciprocal-Staggered Pattern. Therefore, the trends of MRT are not different compared with vertical-staggered. Interesting information was that the MRTs determined from the plug flow correlation for all three packing patterns were closed -i.e., Vertical-Staggered, Chessboard-Staggered, and Reciprocal-Staggered Pattern as 0.6-2.0 sec, 0.6-2.0 sec, and 0.7-2.2 sec, respectively. This can be explained by seeing that the Equation.
(2) was used to calculate the residence times with almost the same void fraction where the total numbers of raschig ring of 32, 32, and 30 were applied for Vertical-Staggered, Chessboard-Staggered, and Reciprocal-Staggered Pattern, respectively. Therefore, the use of MRTs obtained from the plug flow correlation might lead to a large error in the design. It is noteworthy to mention that the finite element method using computational technique can be used to systematically identify the MRT for packed bed reactors which can represent the values closer to that of the real reactors. This can lead us to the better design in both sizing and operating of this equipment.
The E(t) function
For the last stories, the effect of the E(t) function in case of difference packed model was explored. E(t) or delta function obtained by the particle tracing method, as described in section 2.2. It was presented in the Figure  8 for the flow channels with three differ structured packing in the range of feeding rate of 985 to 2,957 ml/min. For all pattern packing, a similar trend of delta functions and feeding rate was observed. The highest values of the E(t) have been found at the lowest values of the studied flow rates. As the feeding rate of 985 to 2,957 ml/min, the E(t) of Vertical-Staggered, Chessboard-Staggered, and Reciprocal-Staggered Patterns are 1.70 -2.41 sec, 0.34 -0.52 sec, and 0.18 -0.38 sec, respectively.
The delta function decreased as the feeding flow rate increased in accord with the counteraction between the effects of accelerated and slow flow regions discussed in section 3.1. This can be explained by referring to the high sheer force of fluid at a high flow rate mainly induced the flow regime through an axial direction. The stagnant zone was less found at the high flow rate. Therefore, the MRTs obtained from the plug flow correlation is not far different from the MRTs obtained from the particle tracing method. It is also significant to point out that packed bed reactors when operated with high flow, can be reasonably estimated from the ideal plug flow correlation. This is confirmed by the relations between flow rate and E(t) function that shows the counter variable as seen by Eq. (2) and Eq. (7). Figure 6 . The E(t) functions for each packing pattern at different feed flow rate.
Conclusions
The MRTs of the ideal reactor in three difference packed model are often similar to be equivalent realizations of the same bed size. However, when the two processes (ideal and non-ideal reactor) are investigated more closely, significant differences between them can be observed that should be considered in the analysis of simulation results, in modeling, and in design. The interaction between the reactant gas and the packing of heterogeneous raschig ring flow behavior were presented in research. Both the velocity and the MRT were different among the three packing patterns discussed herein. The highest MRT was observed in the Vertical-Staggered Pattern. The flow channeling and the slow flow region that occurred locally within each packed bed emphasize the utmost importance of the packing pattern that imposes on the reactor design. Thus, a careful selection of packing pattern, such as in a catalytic bed, is so crucial since the different hydrodynamics (and also the involved heat transfer) within the bed will play a significant role in various aspects on the heterogeneous reactor design. Thus, the simulation results obtained by the present research may be taken into consideration when designing this type of reactor in order to achieve the optimum condition. The MRT and flow behavior presented here have established that the CFD simulations may be used to provide flow information that can serve as the basis for developing more complete fixed bed reactor models.
